ABSTRACT First-instar larvae of Sitona lineatus L. (Coleoptera: Curculionidae) penetrate and feed on the nodules of Pisum sativum, which causes nitrogen Þxation to stop. A model, based on experiments conducted at constant temperatures and the Sharpe and DeMichele formula, was derived to predict mean egg hatch times as a function of temperature. Variability was introduced through the use of the Weibull distribution around the mean. The model was validated in artiÞcial conditions under naturally varying air temperatures. The Þt between actual and predicted times was good. The data generated herein was compared with that of AndersenÕs, which was collected 70 yr ago in the area of Munich, Germany. No biologically signiÞcant differences between the parameters derived from the two sets of data were identiÞed. The model can be used to accurately predict egg hatch under natural conditions.
Sitona lineatus L. is a major spring pest of Pisum sativum L., the Þeld or dry pea, when the crop is grown as a spring crop. This is not the case when pea is grown as a winter crop (Doré and Bouthier 1991) . Adults make notches on the leaves, or stipules in leaßess types, but apparently have no effect on yield (Williams et al. 1995) . At 25ЊC, females can lay up to 40 eggs daily (J.L., unpublished data), and these are deposited directly on the ground or on leaves from which they fall shortly thereafter. After hatching, the larvae enter the soil, where they feed within the Rhizobium nodules associated with pea roots. After nodules have been consumed, older larvae move to new nodules and later eat the root parenchyma. The destruction of nodules implies that the plant has to rely only on soil nitrogen for its growth. Larval nodule-feeding can be very detrimental, and yield losses can reach 1000 kg per hectare, or Ϸ20% of an average yield (Doré and Bouthier 1991) .
Nodule establishment on the root is a dynamic process starting soon after the plant has reached the two-leaf stage and lasting up to the beginning of pod Þll. This process is controlled by the plant and the amount of carbohydrates that can be allocated to nodule establishment and function (Tricot-Pellerin et al. 1994) . Egg-laying is also a dynamic process, driven mainly by temperature (Andersen 1934 (Andersen , 1935 . Oviposition can begin at plant emergence and can continue for several months, at least in growth chamber conditions (Schotzko and OÕKeeffe 1986) . Consequently, it is the interaction of these two dynamic processes, nodule establishment and oviposition followed by larval development, that will determine the extent of nitrogen absorption versus nitrogen Þxation and ultimately yield losses caused by nitrogen deÞcit.
It was thought that the partial or complete destruction of nodules was the cause for increased nitrogen absorption and eventually nitrogen deÞcit in plants grown in soils with low available nitrogen. Rhizobium bacteria, however, have such strict requirements, in terms of oxygen concentration (Hunt and Layzell 1993, Walsh 1995) that any puncture in the nodule cortex (bored by Þrst-instar larva) prevents nitrogen Þxation (C. Salon, personal communication). Because of this relationship between feeding and oxygen concentration, the number of Þrst-instar larvae is directly related to the number of nonfunctioning nodules. The period at which larval feeding begins is also important, because young plants have fewer active nodules than older plants. A model predicting the time of egg hatch would be useful to relate the plant growth stage to the actual time of larval damage.
As with most insects without diapause, temperature is the main factor determining the rate of egg development, although relative humidity Ͻ80% can also interfere with development (Andersen 1930) . As a Þrst step toward developing a model of (Þrst-instar) plant infestation, a model describing egg development as a function of temperature and its variability has been developed and is presented here. Results generated herein are compared with those obtained by Andersen (1930) 70 yr ago with insects captured in the region of Munich, Germany.
Materials and Methods
Data Collection. Experiments took place in March and April between 1996 and 2000. Adult S. lineatus were collected early in spring from alfalfa Þelds and put in an oviposition box with pea shoots having four to eight leaves. The bottom of the box was made of mesh, and eggs were collected underneath on a tray. For the experiments on embryonic development at temperatures below 25ЊC, the oviposition boxes were kept outside in a shelter exposed to naturally ßuctu-ating temperatures that averaged 10ЊC during this period of the year. For the experiments conducted at a temperature Ն25ЊC, the egg laying took place in a growth chamber at 25ЊC to minimize the discrepancy between temperature at egg laying and temperature during the experiments.
Newly laid Sitona lineatus eggs are white. They turn gray and then black in a few hours or a few days depending on temperature. Grieb (1976) indicated that eggs turned black in 5 d at 4ЊC and in 2 d at 12ЊC. Schotzko and OÕKeefe (1986) showed that the melanization process takes place in 17 h at 21ЊC. Only white eggs were collected from the oviposition boxes and these were arranged with a brush on wet Þlter paper in a closed plastic container 5 cm in diameter. Multiples of 25 eggs (25Ð100) were put in each container box. The container was then put in an incubator without light, which has no inßuence on the rate of development (Grieb 1976) . Water was added to maintain the Þlter paper at saturation. Unfertilized eggs remained white and were eliminated at the end of the experiments.
Time until egg hatch was measured at temperatures between 8 and 33ЊC, yielding 20 mean development times. The temperatures were unevenly spaced: 11 means were obtained between 25 and 33ЊC in the less linear part of the rate curve, near the temperature optimum. Two cooled incubators with a temperature range of 0 Ð 45ЊC and a precision of Ϯ 1ЊC were used in the experiments. They were always set at different temperatures. Temperatures were recorded hourly with an electronic temperature recorder with two probes. A probe was placed in each incubator and the hatching boxes were arranged in the immediate vicinity of the probe (approximately 1 cm). Temperatures were averaged at the end of the experiment with variation around the mean being around Ϯ 1ЊC. The result was very close to the incubator temperature setting. Hatching boxes were checked twice a day at 1000 hours and 1600 hours for all temperatures Յ28ЊC. For temperatures Ն29ЊC, only eggs laid within the last 7 h were used to ensure a maximum of precision, and hatching times were recorded every 3 h (four times per day).
Modeling. The time from the beginning of each experiment to hatching was recorded for each egg of a batch and means calculated. These mean times were transformed to rates (1/time).
The physiological age of each cohort (cr for cumulative rate) was calculated by the rate summation method:
where r [(t)] is the development rate at temperature at time t, t i is a given time, and 0 the date when the eggs were laid.
The nonlinear model of Sharpe and DeMichele (1977) was chosen to describe the rate as a function of temperature. It suggests an analogy between development and an enzymatic reaction, which can be inhibited at high or low temperatures. This model has been transformed by SchoolÞeld et al. (1981) to lower correlation between parameters and to avoid convergence problems:
where r(K) is the mean development rate at temperature K in Kelvin, R ϭ 1.987 cal degree Ϫ1 mol Ϫ1 (universal gas constant); 25 is the development rate at 25ЊC assuming no enzyme inactivation; HA is the enthalpy of activation of the reaction; HH and HL are the changes in enthalpy associated respectively with high or low temperature inactivation of the enzyme; TH and TL are Kelvin temperatures at which the reaction is half inhibited respectively by high or low temperature (SchoolÞeld et al. 1981) . The model can be simpliÞed to a four-parameter model depending on whether there is a detectable inhibition at high (or low) temperatures. In this case, one or the other exponential in the denominator is deleted.
Variability around the mean rate of hatching (physiological age ϭ 1) is introduced in the model by using a Weibull function in the form:
where cr is the cumulative rate, and ␤, , ␥ are parameters. The last parameter (␥) is a threshold ensuring that a whole egg (larva) has completed development. The Weibull function is chosen because, usually, the distribution of development (or hatching) times is asymmetrical (skewed to the right) (for details see Wagner et al. 1984b) .
Parameters for the Sharpe and DeMichele model and the Weibull function were determined by running the programs provided in the papers of Wagner et al. (1984a Wagner et al. ( , 1984b . These programs are based on the SAS language and use statistical procedures provided with the system (SAS Institute 1996).
Validation. To validate the model, several batches of eggs collected after 2Ð 4 d of egg-laying were apportioned equally among the days to start the simulation process (giving two to four equal cohorts). They were placed, usually in groups of 50, on moist Þlter paper in plastic boxes under a shelter where they were exposed to naturally ßuctuating air temperature that was recorded at a meteorological station three km away from the shelter. This was repeated at four different times during April and the beginning of May to ensure different temperature proÞles. Boxes were checked daily to count hatched eggs as soon as the calculated physiological age reached 0.7.
Results
Development Times. At 8ЊC, it takes 70 Ϯ 2.5 d (mean Ϯ SD) for eggs to hatch and as few as 6.2 Ϯ 0.5 d at 29ЊC. Higher temperatures tend to slow development so that at 32ЊC, development times are equivalent to those obtained at 24ЊC. In fact, between 25 and 30.5ЊC there is a maximum difference of 1 d between mean development times. Below 25ЊC, development times increase exponentially (Table 1) . Grieb (1976) found that eggs failed to develop when incubated at 27ЊC if they were held for Ͼ70 d at 4ЊC, although 90% hatched if they were held only 56 d at this low temperature (Grieb 1976) . This indicates that 4ЊC must be close to a lower lethal threshold. For temperatures Ͻ13ЊC, the increase in mortality (around 25%) was caused by the development of fungi on or around the eggs. Egg mortality also increased at high temperatures: it was negligible under 30ЊC (Ͻ5%, apparently caused by the manipulation of eggs during the checks), reached 26% at 32ЊC and 100% at 33ЊC. In most cases, the embryo developed into a larva that then died at an apparently advanced age. It is not known whether a short period at this temperature followed by cooler temperatures would have a lethal effect.
Variability in the mean development time tended to increase with cooler temperatures as shown by the increase in SD at temperatures Ͻ15ЊC (Table 1) .
Model Parameters. Wagner et al.Õs program (1984a) can determine the number of parameters to include in the model, or the program can be forced to adjust to an a priori model with two or four parameters. In the present case, a six-parameter model was chosen by the program with low and high temperature inhibition. Table 2 gives the parameter values and their asymptotic conÞdence intervals. The parameters are within the boundaries given by Wagner et al. (1984a) and are compatible with biological processes: HA is positive; TL, which is the low temperature at which the reaction (development) is half inhibited, is approximately 10ЊC; TH is approximately 32ЊC; and 25, which is the rate at 25ЊC assuming that there is no inhibition, is close to its experimental value (see Table 1 ). It is then possible to calculate the rate for any given temperature. The comparison between actual data and the theoretical curve is shown in Fig. 1 (R 2 ϭ 0.995). The rate summation method allows us to predict the mean time of hatching (physiological age ϭ 1). For example, at 7ЊC it would take 95 d to hatch, allowing more time for egg predators or diseases to kill the egg. The optimum temperature for egg hatch for S. lineatus is 29ЊC (calculated value: 6.5 d). In natural conditions, rela- tive humidity would probably inßuence this optimum temperature because high temperature is usually associated with dryness; thunderstorms are rare events during March or April in France. Variability was introduced around the mean by the Weibull function. The function was adjusted on normalized raw data (data divided by the median for each temperature), though Wagner et al.Õs program (1984b) adjusts it on 20 linearly extrapolated values for given proportions (0 Ð100%). The way extrapolated values are calculatedÑthey are linearly interpolatedÑmay induce biases, when the actual values are not evenly distributed. This was the case in this study for certain temperatures. Table 3 gives the parameters values and their asymptotic conÞdence intervals, and Fig. 2 gives the Þt between actual values and the adjusted curve (R 2 ϭ 0.962). Validation. Daily minimum temperatures ranged from 0 to 15ЊC and daily maximum from 6 to 29ЊC, which covered a large part of the temperatures used to establish the model. The simulation program (Wagner et al. 1985) calculates six intermediate temperatures from the minimum and maximum temperatures of a day by the sine wave method (Allen 1976 ). Lerin and Koubaiti (1998) showed that the discrepancies between actual and calculated mean temperatures, on the basis of 3-h intervals, are negligible.
The simulation process running on ßuctuating air temperatures gives good results. The beginning and end of hatching are well predicted (Fig. 3) . All the data points are Ͻ15% away from the simulated curve, which is considered a good Þt between actual and predicted values by Hudes and Shoemaker (1989) . It has to be emphasized that on the steep part of the curve the percentage of hatched eggs can range from 56% at 0300 hours to 96% at 2400 hours (e.g., Figure   Fig. 2 . Distribution of development times as a (Weibull) function of physiological time. 3D). The experimental values presented on the graph are positioned at 1200 hours, as are nodal points of the predicted curve. It can be seen that at the beginning of April, it takes 25 d to obtain the Þrst hatched egg (Fig. 3A) and only 12 d in May (Fig. 3D ) when mean temperatures were Ϸ7ЊC higher. Figures 3B and 3C show intermediate results. Andersen (1930) published data from his experiments on the effect of temperature on egg development with insects captured in the region of Munich. Even though the incubators he used were not as well regulated as in the present case, his results are in good agreement with those presented here. The biggest difference between our results was a slight systematic difference at medium and high temperatures (Fig. 4) with the development times being Ϸ1 d longer for AndersenÕs data. However, for the six parameters of each curve, the asymptotic conÞdence intervals overlap (Table 2 and Table 4) , and this is an indication that the curves might not be statistically different. Because there is no known method for comparing nonlinear adjustments, we ran the model with the parameters derived from AndersenÕs data and tried to estimate whether the differences would produce biologically signiÞcant bias when compared with actual data coming from eggs laid by local insects (Poitou-Charentes, France). AndersenÕs data did not allow for the determination of a Weibull distribution, because he used only 5Ð10 eggs for each temperature in his experiments. Therefore, the parameters derived from the present data were used. Figure 3 shows the predicted line (dotted) derived from AndersenÕs data. There is a systematic delay of approximately 1 d that might be because of uncertainty about the age of the eggs used in his experiment. Despite this difference, some observed points are closer to AndersenÕ s curve than they are to the data presented herein. We then conclude that the differences between the two curves are not of biological signiÞcance and that the population found 70 yr ago in the region of Berlin has the same thermal requirement as the population found today in the Centre-West of France. It would be interesting to test the population presently found near Munich and in other parts of the world such as the United States, where the insect was imported, or in England, which might be isolated by the English Channel.
Discussion
The model used herein enabled us to predict egg hatch with high precision, and the model should work equally well in an agronomic setting. Soil temperatures are certainly more heterogeneous and consequently more variability might be expected in the natural environment. Unfortunately, because it is not possible to retrieve eggs from the soil and because there is high mortality in natural conditions, there is no direct way of testing the dynamics of egg hatch in situ. Nevertheless, the model has been used successfully (in different years and places) to determine the time of egg hatch in controlled infestations or in open Þelds (J.L., unpublished data). In this latter case, the simulation began on the day that adults arrived, because, in most circumstances, they begin feeding and laying eggs immediately. In all cases, after dissecting the plant nodules, Þrst-instar S. lineatus were found as predicted. The model was devised primarily to know precisely when the eggs hatch in artiÞcially infested plants in yield loss experiments. For example, if it was decided to infest plants at the two-leaf stage, it may happen that eggs will hatch at the six-or seven-leaf stage because of meteorological conditions and because pea and Sitona do not have the same thermal requirements for development. As shown by still unpublished results, this would not affect yield the same way as a really precocious infestation. 
